The objective of this research is to assess how much the improvement in the combustion reaction efficiency can reduce fuel consumption, maintaining the same thermal energy rate provided by the reaction in a pelletizing furnace.
Introduction
Pelletizing is the process of compression molding of a material in the form of pellets. A wide variety of different materials can pass through such a process, including chemical compounds, iron ore, animal feed, among others.
In the case of iron ore, pelletizing in ultrafine particles occurs through heat treatment. This ultra-fine fraction (less than 0.15 mm) is found this way in nature or created in the beneficiation process. The pelletizing produces spherical agglomerates of sizes in the 8 to 18 mm range, with appropriate characteristics to feed reduction units, such as blast furnaces.
The plant under study has an annual budget of production in the range of 4 million tons of iron ore pellets.
Iron ore pellets, derived from the steps of milling, filtering, mixing and pelletizing while still raw and damp, are thermally processed in mobile grill furnaces (Straight Grate). The induration process of iron ore pellets, fundamental to obtain adequate mechanical strength of the pellets, occurs in the burning zone region in the furnace, and is the process step in which all properties of agglomerates are obtained.
In the cooling chamber, the air, at atmospheric temperature, exchanges heat with the hot pellets coming from the burning zone.
The convective air flow cools down the pellets and follows with an elevated temperature to the combustion chamber, through the recovery duct (down comer), where it reacts with the gas in the combustion reaction.
Figure 1
Cross-section of Burning Zone (Matos, 2007) .
The burning zone, shown in Figure  1 , has the burners where fuel combustion occurs, generating natural gas. The combustion gases are mixed with hot gases that come through the recovery duct from the cooling chamber. This mixture of hot gases permeates the bed of raw pellets brought by grid cars, transferring heat to them. The gases are drawn by a centrifugal fan after passing through the wind boxes, which retains any solid larger mass material, by gravity. Altogether, there are 37 wind boxes in the furnace, connected to the ducts of the fans, that circulating the gases in the furnace. The burning zone is comprised of 12 wind boxes (numbered 12 and 23).
In his work about the global energy balance in the furnace of Usina 1, from CVRD, in Tubarão, Souza and Machado (1975) proposed a thermal efficiency of about 29.18% for the furnace. The authors emphasize that the energy loss in the burning zone is about 43% of total heat lost from the furnace.
The annual estimated cost for fuel (natural gas) that feeds the furnace of the plant under study is US$ 28 million, and is the largest portion of the total production costs, corresponding to 35%.
This study suggests the analysis of the combustion mechanism in the burning zone, more precisely scrutinizing the energy imparted by the combustion reaction, and how this energy can be rationalized to obtain lower fuel consumption.
Materials and methods
This research included the following variables that affect the energy consumed or given by combustion reaction: the speed and pressure of the fuel in the burner, the temperature of the combustion air and reagent gases, the stoichiometric conversion rate and the air/fuel reaction. As some data is not possible to collect with the furnace in operation, some of these variables were analyzed qualitatively, and proposals have been made for their changes, aimed at reducing fuel consumption.
The operational and constructive data of the iron ore pelletizing furnace used in this study were provided entirely by VALE S/A.
To simulate the combustion reactions, the Gaseq ® software was used. It is a software for chemical equilibrium calculation in combustion reactions, which can be obtained for free. The software has a simple and objective platform, with pre-defined situations of chemical balance and a selection of elements and substances that can be selected as reactants and products. The program allows the calculation of incomplete combustion reactions, through the entrance of the concentrations of chemical species, and informs all thermochemical properties of reactants and products involved in the reaction.
It is important to emphasize that the manipulation of process variables in this work, in order to obtain a lower mass flow of fuel, obeyed some important operational criteria, such as maintaining the heat energy rate (Q) , since the thermochemical parameters necessary in the process of induration of iron ore pellets should remain unchanged, in order to maintain the quality of production.
Also in relation to the heat energy rate, models in CFD (Computational Fluid Dynamics) as shown in the study by Athayde et al. (2012) , demonstrate that it is possible to rationalize the heat transfer between convective flow of combustion gases and the bed of raw pellets in order to maximize power transfer.
Due to the constructive characteristics of the furnace fuel supply system, only the studied fuel in operation was considered; it is natural gas. Therefore, it proved impractical, considering the LHV (Lower Heating Value) from other fuels, which would also lead to variations in the specific heat and temperature of the combustion gases.
Results and discussion

Fuel speed influence
The fuel required for the combustion reaction in the furnace is injected into the combustion chamber by 38 burners. There is a distribution line of natural gas to the burner, which operates at a pressure of 200 kPa.
Through the natural gas composition provided by the supplier of the fuel dealership, and using Gaseq ® , it was possible to calculate the density (ρ 1 ), the dynamic viscosity of the fuel (μ) and the compressibility coefficient (Z), resulting from the species that make up the fuel. Knowing the inlet pressure (P 1 ) in the burners and the combustion chamber pressure (P 2 ) where fuel is injected, we obtain the pressure difference (ΔP), which comprises the actual pressure drop in the burner, according to the roughness of the building material, turbulence, among others. We considered a Newtonian fluid, in a compressible flow, with a compressibility factor (Z) provided by Gaseq ® for adjustment of state equations. The influence of temperature upon density was obtained by Equation 1, whereby the density at the output (ρ 2 ) was found by Gaseq ® .
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Through transport of fuel in the burner area (A) and the flow rate reading (V) provided by the sensor installed in the furnace gas delivery line, the initial speed (v 1 ) is defined. With this data, was calculated the output speed (v 2 ), of fuel in the burner, equal to 332.12 m/s through Equation 2, disregarding the terms involving potential energy. This calculation is aimed at obtaining a reference speed in order to determine the type of flow and its influence on combustion. The continuum hypothesis and mass conservation were considered, as well as a flow forced into a duct of constant section without accumulation or mass generation in the fuel injection system.
The Mach number (Ma) relates the speed of a body or stream with the speed of sound in the environment in which it lies. Through the natural gas species composition, its temperature and pressure in the burner, the speed of sound in the flow was obtained, provided by Gaseq ® . The calculated result for the flow of natural gas was in the order of Ma = 0.77. For 0.2 < Ma < 0.8 values, the fluid travels at subsonic speed within the burner showing that there is no temperature elevation or pressure arising from shock waves (which occur when Ma > 1), which might cause spontaneous ignition in the fuel. The furnace fuel supply system has pneumatic valves that control the flow of fuel in burners, according to the process needs. In the above calculation, these valves were considered fully open, in which the fuel reaches a higher volumetric flow.
In relation to the fuel exit velocity burners, Khalil et al. (2010) , in an
experiment on the temperature distribution in the flame of methane, a major constituent of natural gas, shows that for a pressure of 200 kPa, a higher fuel speed provides better energy distribution of the combustion flame (Figure 3) . It is noted that the speed of the analyzed gas on the burner favors a more homogeneous temperature distribution in the flame.
The Gaseq ® software reports the values of the dynamic viscosity of the fuel fluid (μ) and, along with the value of the output speed (v 2 ), we calculated the Reynolds number (Re) (Chatrathi et al., 2001) .
Locally, the mixture was further spread with the laminar burning velocity, so the fuel consumption increases proportionally to the surface area increase. The result is equivalent to a faster and more turbulent burning velocity, whose magnitude is related to the intensity of local turbulence and other parameters. The consequence is that the rate of product formation is higher due to the decreased density resulting from the reaction. (Griffiths and Barnard, 1995) .
A turbulent flame causes an increase in fuel consumption in the reaction. This effect can be minimized by changing the geometry of the burner, since it becomes impracticable to change the fuel pressure in the supply network, due to the fuel supply project. In a study on the effects of fuel speeds and flames on burners, Chatrathi et al. (2001) , demonstrated that for the relationship between length and tube diameters (L/D) ranging between 1 and 50, the speed is not affected by the diameter, and for ratios exceeding 50, the speed tends to increase proportionally to the diameter. In the case under study, for the burner (L/D = 1067/40 = 26.675).
Using a simple bench test, it is possible to rationalize the consumption of fuel through changes in the ratio length/ diameter of the burner in study, testing prototypes complying to L/D <50 and measuring the mass flow of fuel by correlating data collected by seeking an optimal point of operation. 
Fuel pressure influence
The pressure in the burners study is on the order of 200 kPa in the furnace supply lines. Khalil et al. (2010) in a study on the influence of pressure variation in flame temperature, illustrates that at different pressures, at the same velocity of fuel, the temperature variation in the flame does not vary in large proportions, as shown in Figure 5 . The air that enters on the combustion chamber comes from the cooling zone. The load employed in this airflow by the fans causes a cross between the fuel gas stream arising from the burners and the gas flow coming into the combustion chamber.
There is a deflection inside the combustion chamber, as shown in Figure 6 , caused by the variation of pressure resulting from a cross between the two flows. where J is the ratio between the quantities of motion and Q jet and Q flow represent the quantities of motion of the jet and the gas flow.
The behavior of the temperature distribution in the flame deflection of a burner from a pelletizing plant furnace similar to that studied in this work is illustrated in Figure 7 In the combustion chamber of the furnace under study, there is a deflection in the flame around an intersection of the flows.
Reducing the air speed from the cooling chamber will surely result in lower fuel consumption by reducing the deflection in the flame caused by the change in pressure from the cross flow, resulting in better flame propagation and consequently better heat transfer.
Conversion rate influence
The conversion rate (η) of a combustion reaction refers to the conversion percentage of reagents in products, taking as reference the complete combustion stoichiometry, in which η = 1.
The composition of natural gas showed in Table 1 comprises the average of the first five months of 2015 of the gas received from the dealership by VALE S/A. The Gaseq ® software provided all the properties of the reactants and products, necessary for the development of the study.
With the temperature of the combustion gases for η = 0.90, and temperatures measured in the furnace burners, it was possible to determine the rate of energy provided by combustion (Q) in both cases (theoretical for η=0.90 and actual), using Equation 6, which relates the energy released by the fuel with the energy for elevating the temperature of the combustion gases.
The mass flow of fuel (m f =1.741 Kg/s), for both cases, were considered as the product of the volumetric flow rate of fuel (V f =2.318 Nm³/s) measured in the furnace under standard operating conditions and the fuel density (ρ f ) under standard conditions.
T h e l o w e r h e a t i n g v a lu e (LHV = 36048 kJ/m³) of natural gas fuel corresponds to an average of 150 days of the reports provided by the concessionaire, considered the same in both cases. The mass flow rate of combustion gas (m g ) corresponds to the relative ratio of reactant volumes and product volume (V r /V p ) obtained by Gaseq ® , the density of reagents (ρ r ) and the fuel consumption rate (m f ). The specific heat of flue gases (Cp g ) was obtained by Gaseq ® for the species composition in both cases. The variations in the specific heat of flue gases has a direct influence on fuel consumption, since all the energy generated in the combustion reaction depends on the composition of the specific heat of flue gases to be transferred to the bed of raw pellets at a rate more or less effective, depending on its value, Turns (2013) presents a polynomial model to obtain the specific heat in mixtures, that the software Gaseq ® simulates with excellent approximation. The gas outlet temperature (T g ) was obtained by Gaseq ® for η = 0.90 and collected in the field for the real situation. The temperature of the combustion air (T air = 859 °C) was measured in the furnace and is considered the same for both cases.
For the calculations, the thermal power of combustion in current conditions is Q actual =52.018 MJ and Q η=0.90 =57.822 MJ, therefore a 11.15% greater heat input by combustion reaction adjustment.
Whereas the maintenance of the same rate of power generation, similar to the current required for induration of the pellets, and adjusting the mass flow of fuel (m f ) for the model in which Q η=0.90 , came to a value of m f =1.579 Kg/s for the same furnace operating conditions.
A reduction of 9.25% in fuel consumption. Table 2 compares the results. Gain of 11.15% in thermal power Reduction of 9.25% in the fuel consumption
The installation of a combustion gas analyzer on the furnace drawing system is indicated (there are models in the industry that analyze the concentration of species CO x , NO x and SO x ). Through analysis of the species composition of the combustion products, it is possible to adjust the supply of fuel to a better conversion rate (η), which can result in 9.25% consumption reduction.
Air/fuel ratio influence
One of the ways to achieve a high conversion rate is through the air/fuel ratio. The fuel has needed to react with the greatest amount mass, possibly oxygen, near the stoichiometric balance of the reaction, to carry out combustion as nearly as possible to be complete. Variations of 20% surplus air volume in the methane combustion reaction can reduce the ignition temperature of up to 10%. Table 3 shows the relationship between the variation of the air/ fuel ratio and the ignition temperature of methane, the main component of natural gas. A low ignition temperature involves a smaller amount of energy given off to perform the reaction, and consequently better utilization of the energy released by the fuel. Thus, excess air can increase the performance of combustion, since it has been analyzed so that the excess air that hangs in the combustion does not absorb part of the energy released. Vlassov (2001) admits in his work that an excess of 7% air relative to the volume of fuel in natural gas reactions is ideal, while Bazzo (1995) states that over 12% would be advisable. Figure 8 relates the amount of air volume, by the area of each wind box in the burning zone of the furnace, available for combustion reaction with the fuel volume in the same region. Through the fuel flow calculations in the burners and the flow of air from the down comers in the oven under study, it was possible to profile the ratio of the volume of air available in the chamber and the volume of fuel in each wind box in the region of the burners.
Figure 8
Ratio between the volume of air available, and the volume of fuel into the wind boxes of the combustion region in the furnace.
The result showed that there is excess air volume in relation to fuel volume in the combustion chamber at a different ratio. An analysis of chemical species from combustion gases must be carried out to define the real rate of oxygen that is being consumed by the fuel. Dadam (2005) , in their work, varying the air / fuel ratio in the combustion of natural gas, achieved savings of 48.9% fuel, only by adjusting the excess air in the reactants.
Through the composition of the chemical species in the products of combustion, it is possible to determine which weight of oxygen was consumed in the combustion reaction, and thus define the actual air/fuel ratio. The results of this study showed that
Combustion air temperature influence
An important property of the flame temperature analysis is the temperature of the air for combustion (Tair). In his work, Dadam (2005) shows that the higher the temperature of the air reacting with the fuel, the higher is the flame temperature, and hence, higher energy is imparted by the reaction. The air temperature in the furnace combustion chamber is in the order of Tair = 859°C, which enables a reduction in fuel consumption. However, an analysis of the concentration of the reactants should be performed, monitoring the temperature in the combustion chamber, because high temperatures of combustion air tend to reduce its specific weight, which in a closed system, such as the burning zone, can affect the air/fuel ratio.
Conclusions
The fuel consumption of a heat engine, the size of a pellet furnace, is linked to structural, thermal, chemical and fluid dynamics factors. The analysis of the combustion performance is just the first step for future studies which should contain the largest possible number of variables in determining the overall efficiency of the system, mainly the burning area, the larger thermal losses region.
For the adjustment of combustion, the installation of a flue gas analyzer in the furnace drawing system is essential.
It was concluded that the adjustment of a stoichiometric conversion rate η = 0.90 provides a reduction of 9.25% in fuel consumption, representing a savings of US$ 2.6 million per year for the company.
